We monitored adsorption of water on a well-defined Fe 3 O 4 (111) film surface at different temperatures as a function of coverage using infrared reflection-absorption spectroscopy, temperature programmed desorption, and single crystal adsorption calorimetry. Additionally, density functional theory was employed using a ''dimers'' and larger oligomers, which ultimately assemble into an ordered (2 Â 2) hydrogen-bonded network structure with increasing coverage prior to the formation of a solid water film.
Water adsorption on the Fe 3 
Introduction
Water interaction with iron oxides plays an important role in geology, electrochemistry, corrosion, and catalysis, etc. 1,2 Among the various iron oxides, magnetite (Fe 3 O 4 ) surfaces seem to be the most explored using a ''surface science'' approach. [3] [4] [5] While recent experimental and theoretical work on Fe 3 O 4 (001) single crystal surfaces suggested that this surface is well-understood, a controversy remains for the (111) surface. Low energy electron diffraction (LEED) studies of Fe 3 O 4 (111) thin films in combination with scanning tunneling microscopy (STM) characterization suggested a termination with a 1/4 monolayer of tetrahedrally coordinated Fe 3+ ions over the close-packed oxygen layer, [6] [7] [8] which can be obtained by cutting the magnetite structure along the Fe tet1 layer. Also density functional theory (DFT) calculations predict the Fe tet1 -terminated surface as the most stable one under typical pressure and temperature conditions applied in UHV based experiments. [9] [10] [11] [12] [13] [14] On the other hand, a double metal (Fe oct2 -Fe tet1 ) termination was favored on the basis of infrared reflection-absorption spectroscopy (IRAS) studies of CO and water adsorption. 13, 15, 16 Our recent study 17 has eliminated such a discrepancy by providing DFT analysis of CO vibrational bands, which ruled out the presence of octahedrally coordinated iron ions (Fe oct2 ) on the regular surface except for defect sites such as step edges. It is instructive here to summarize the key findings of previous experimental studies on water adsorption on Fe 3 O 4 (111) surfaces prepared either as thin films or single crystals. We only address water coverages below the formation of a ''multilayer'' amorphous solid water (ASW) film.
-Ultraviolet and X-ray photoelectron spectroscopy studies revealed electronic states, which were assigned to OH species [18] [19] [20] [21] thus suggesting water dissociation. This was found both at room and low temperatures depending on the partial pressure of water.
-Temperature programmed desorption (TPD) studies revealed water desorption in a wide temperature range, between 200 and 400 K. 20, 22, 23 In particular, desorption signals above 300 K were attributed to the recombinative desorption of dissociated water.
-The heat of adsorption measured by single crystal adsorption calorimetry (SCAC), 16 falls in the range of 100 kJ mol À1 at the limit of low water coverage and decreases down to 55 kJ mol À1 with increasing coverage.
-The first appearing bands (at 2712 and 2691 cm À1 ) in the species, 24 which were attributed to the reaction with traces of water in the UHV background. STM studies of water adsorption on a Fe 3 O 4 (111) single crystal 19 suggested that water dissociation only occurs on the Fe tet1 -terminated surface. In essence, the same behavior was observed on the Fe 3 O 4 (111) selvedge surface of a Fe 2 O 3 (0001) single crystal. 25 As for theoretical studies, DFT calculations were primarily applied to the Fe tet1 -terminated surface using a (1 Â 1) slab model which implies, at least, one monolayer (ML) water coverage. For the case of dissociative water adsorption, Grillo et al.
14 found an adsorption energy of À95 kJ mol À1 . With respect to calculations using a (2 Â 2) cell corresponding to the 1/4 ML water coverage, Rim et al. 25 reported an adsorption energy of À126 kJ mol À1 for the dissociative pathway, which is by 47 kJ mol À1 more stable than molecular adsorption. Also, these calculations found a small activation barrier for dissociation (B10 kJ mol
À1
). Recently, a virtually identical result for dissociative adsorption (À123 kJ mol À1 ) was obtained in our own study on the (2 Â 2) cell. 26 Calculations for 1 ML coverage, using a single dissociated molecule in the (1 Â 1) surface unit cell involving symmetry-related constraints, resulted in the reduced adsorption energy, i.e., of À75 kJ mol
. 13 At increasing coverage up to two water molecules per unit cell, all theoretical studies converge to similar structures, i.e. a dimer composed of a dissociated and a non-dissociated water molecule (a ''halfdissociated'' water dimer). Regarding the role of surface termination, Yang et al. 27 reached the conclusion that the Fe tet1 -terminated surface is more favorable for water adsorption than the Fe oct2 -terminated one. However, Zhou et al., 28 who addressed the dissociation mechanisms solely on the Fe oct2 -terminated surface, found it more active than the Fe tet1 -terminated surface. Although the latter calculations do not include a Hubbard-type U parameter for correlation effects, these results suggested direct dissociation to be unfavorable. However, water dissociation can be facilitated by adjacent water molecules (i.e., via dimer formation). The higher reactivity of the Fe oct2 -termination towards H 2 O and CO adsorption was confirmed by recent DFT+U studies. 13, 17 Thus, the adsorption of water on the Fe 3 O 4 (111) surface is controversially discussed in the literature. For all planar systems, surface preparation and even vacuum conditions play an important role. Also from a theoretical point of view, iron oxide systems need careful consideration as far as electronic and magnetic properties are concerned. 13 In a recent communication, 26 we provided experimental results obtained by IRAS and TPD, corroborated by DFT calculations showing that water readily dissociates on Fe tet1 sites to form two hydroxyl species. These act as an anchor for water molecules to form a dimer complex which self-assembles into an ordered (2 Â 2) structure. The ordering in the water ad-layer is rationalized in terms of a cooperative effect induced by a hydrogen bonding network. In an attempt to provide a more detailed picture of the interaction of water with the Fe 3 O 4 (111) surface that goes beyond the evidence from our previous study, 26 here we provide results obtained by different experimental techniques (IRAS, TPD, and SCAC), and DFT calculations.
Methods and materials

Experimental section
The experiments were performed in several UHV chambers with a background pressure below 2 Â 10 À10 mbar. . In the TPD/IRAS setup, water (D 2 O, SigmaAldrich) was dosed with a calibrated molecular beam. In a second (''TPD'') chamber, water was dosed using a directional doser.
Calorimetric results and sticking probabilities were measured with SCAC in a separate UHV chamber that is described in detail elsewhere. 29 Briefly, an effusive, doubly differentially pumped multi-channel array was used to produce a molecular beam of D 2 O water. A chopper cut this beam into pulses 266 ms in length. The heat of adsorption was measured with a heat detector consisting of a 9 mm-thick pyroelectric ribbon (b-polyvinylidene fluoride) coated with Au on both sides and calibrated with pulses of HeNe laser light (l = 632.8 nm, 5 mW). Simultaneously, the fraction of molecules that adsorb in a single pulse (i.e., the sticking probability) was measured by the modified King-Wells method 30 with a non-line-of-sight QMS.
The Fe 3 O 4 (111) films, with a thickness of about 5 nm, were grown on a Pt(111) substrate as described elsewhere. [6] [7] [8] 15 The first step includes formation of the FeO(111) monolayer film on the clean Pt(111) surface. 3 This step is also used for calibration of the Fe deposition flux. The next step involves several (3) (4) (5) cycles of Fe deposition in amounts equivalent to 5-10 monolayers of FeO(111) onto a substrate (kept either at 100 or 300 K), followed by oxidation in 10 À6 mbar of O 2 at B930 K for 5-10 minutes. Oxygen was pumped out at sample temperature around 500 K. In the final step, the films were oxidized at 930-940 K for ca. 5 min. The samples were always flashed in UHV to 900 K prior to the water adsorption measurements. Although the precise preparation parameters (Fe flux, oxidation temperature, time and oxygen pressure) may slightly deviate in the UHV setups used, all oxide films under study showed sharp LEED patterns with low background intensity.
Computational details
Electronic and ionic structure calculations were performed using the projector-augmented-wave (PAW) method 31, 32 as implemented in the Vienna ab initio simulation package (VASP). 33, 34 Plane waves up to a kinetic energy of 800 eV were employed as a basis set. Onsite Coulomb correlation effects of Fe 3d orbitals were taken care of via the spin-polarized DFT+U approach 35, 36 following Dudarev et al. 37, 38 An effective U parameter of 3.8 eV was employed following previous DFT studies on Fe 3 O 4 surfaces. 11, [39] [40] [41] Regarding the exchange-correlation functional, we used the generalized-gradient approximation after Perdew, Burke, and Ernzerhof (PBE). 42 We use PAW pseudopotentials to describe the electron-ion interaction as released with VASP 5. implemented in the VASP code. Calculations of wavenumbers corresponding to the normal modes of adsorbed water uses all water related ad-atoms, as well as the coordinated Fe ions and protonated surface oxygen ions in the partial Hessian. Wavenumbers of deuterated ad-water were calculated by diagonalization of the mass-weighted partial Hessian using a mass of 2.014. Harmonic wavenumbers obtained using central finite differences (step size of 0.015 Å) based on the analytic Hellmann-Feynman gradient at atomic coordinates were scaled with a factor of 0.9935 (see ref. 16 and 26) . This scaling was employed to effectively account for systematic errors in harmonic force constants and neglected anharmonicities. The water molecule was simulated in a box identical to the slab together with the identical plane wave cutoff used in surface calculations. Corrections for dispersive interactions 46, 47 have been calculated at the PBE+U minimum energy structures, and a single water molecule contributes about À14 kJ mol
À1
, on average (see below). Thus, results and conclusions of the present work are not affected qualitatively by adding an estimate for dispersion effects. Fig. 1a shows a series of TPD spectra obtained upon water exposure (in Langmuirs (L), 1 L = 10 À6 Torr s) at 140 K to minimize the signal from an amorphous solid water (ASW) which is manifested by the peak at around 160 K. Desorption peaks at B200, 225, and 255 K are sequentially populated with increasing exposure following first order desorption kinetics. In contrast, the broad signal above B275 K shows characteristics of second order desorption due to the recombinative desorption of dissociated water. The small feature at B375 K can be assigned to the adsorption on defects sites. These spectra differ substantially from those reported previously which revealed, in essence, featureless desorption traces in the 200-300 K region. 20, 21, 23 Using the conventional Redhead analysis 48 and a typical prefactor of 10 13 s À1 , one obtains a range of desorption energies from 50 kJ mol À1 for the peak at B200 K up to 95 kJ mol À1 for the peak at B375 K. Changing the pre-factor by one order of magnitude up or down changes the desorption energies by approximately AE5 kJ mol À1 . We refer to ref. 50 for a general discussion. Another approach to determine water adsorption energies from TPD spectra is a ''leading edge'' analysis, 49, 51 which, in principle, does not include an assumption about the View Article Online pre-exponential factor. In this method, the desorption leading edge (the onset of desorption) is approximated by the Arrhenius-type behavior, and the changes in the initial coverage are neglected. When applied to the spectra shown in Fig. 1a , the analysis resulted in an energy of 68 kJ mol À1 at low coverage that gradually decreases with the increasing coverage as shown in Fig. 1b . Basically, these results are very similar to those obtained by the Redhead analysis suggesting the pre-factor of 10 13 s À1 as a good approximation. Finally, we employed inversion analysis of the Polanyi-Wigner equation for the 1-st order desorption kinetics, 52 which results in a desorption energy (E):
Results and discussion
Temperature programmed desorption (TPD)
where b is a heating rate, n is a prefactor, and y(T) is a temperature (or time) dependent coverage, which is determined by integration of the desorption curve. In this analysis, each spectrum can be transformed into a coverage dependent energy curve, all plotted in Fig. 1b , for n = 10 13 s
À1
. Some deviation between the curves may be indicative of kinetic effects. These results show again, that the desorption energy decreases with increasing coverage, most markedly in the low coverage regime (y/y max o 0.1). All applied methods give a similar picture.
Water coverage has been calibrated using D 2 O adsorption on the clean Pt(111) surface. It is well-documented in the literature that water forms a hexagonal ice film in one of two structures ((O3 Â O3)R301 or (O39 Â O39)R16.11) depending on exposure conditions. 53 The formation of ordered ice films manifests in TPD as desorption at a slightly higher temperature as compared to the ASW film. In our experiments, a (O3 Â O3)R301 ice film has been formed on Pt(111) as determined by LEED. Since the TPD measurements were performed with the same setup and on the same Pt crystal as used for the iron oxide film, all possible apparatus effects cancel. Therefore, the total amount of water adsorbed on Fe 3 Well-resolved desorption peaks observed in our spectra (Fig. 1a) suggest desorption of species having discrete adsorption energies. In addition, sharp peaks imply that the corresponding water molecules desorb almost simultaneously in time, thus suggesting a certain degree of ordering at the surface, which was monitored by LEED. 26 It only depends on the water coverage, suggesting that the ordering of water is thermodynamically driven.
Single-crystal adsorption calorimetry (SCAC)
Fig . 2a shows the average sticking probability measured as a function of water coverage at different surface temperatures between 120 and 300 K. Here we define the sticking probability as the probability that a gas water molecule strikes the surface, sticks, and remains on the surface until the next gas pulse starts (with the period of 5 s). Even if dissociation is occurring, the coverages reported here refer to the total amount of D 2 O that has adsorbed on the heat The measured adsorption energies and their coverage dependence are fully consistent with the TPD analysis above. Our calorimetric results give similar adsorption curves as determined by both inversion analysis of the Polanyi-Wigner equation and leading edge analysis. This suggests that the adsorption and dissociation of water is reversible under these conditions.
Infrared reflection-absorption spectroscopy (IRAS)
IRAS measurements were carried out in another UHV chamber on the films prepared using the same recipe and flashed to 900 K prior to the water exposure. TPD spectra revealed desorption profiles like those shown in Fig. 1 , albeit with a lower resolution of the QMS available in the chamber (see Fig. S1 in the ESI †). This allows one to link the TPD and the IRAS results obtained in two different setups.
We first address water adsorption at room temperature. The four top spectra shown in Fig. 3 are recorded after sequential water pulses of 6 Â 10 13 cm À2 each. Two sharp bands at 2723 and 2680 cm À1 appear immediately at almost saturated intensities. However, the spectra measured at 320 and 350 K depicted in the same panel suggest that these two bands behave independently. Indeed, the signal at 2680 cm À1 shows up at temperatures as high as 350 K and slightly gains intensity upon dosing at 320 and 300 K. In contrast, the 2723 cm À1 band only appears at 320 K and then doubles intensity at 300 K. Tentatively, the 2680 cm À1 band can be assigned to adsorption on defects, whereas the 2723 cm À1 band reflects the initial stages of adsorption on the regular sites. Fig. 4a displays IRA spectra measured at 250 K. After the first pulse, the two bands (2722 and 2680 cm À1 ) appear in the same manner as observed at 300 K (Fig. 3) . At increasing dosage, both signals grow in intensity, but one shifts to a lower frequency (2718 cm
À1
) while another to a higher (2688 cm À1 ) frequency.
In addition, a weak band at B2565 cm À1 is detected at high dosages. Spectral evolution, shown in more detail in Fig. 4b , indicates the presence of a new band at 2714 cm À1 as a shoulder to the main band at 2722 cm À1 which, in turn, gains intensity and shifts to 2120 cm À1 at increasing coverage. This shift is quite small and is close to the spectral resolution (4 cm À1 ). The changes in the low frequency band are more pronounced: the 2680 cm À1 band attenuates, although may remain as a shoulder to the 2688 cm À1 band, which definitely grows and starts to dominate in this region. The intensities of deconvoluted bands are plotted in Fig. 4c as a function of water dosage, although precise deconvolution may suffer from a relatively low signal-to-noise ratio. Apparently, both bands at 2720 and 2714 cm À1 correlate with the one at 2688 cm
, and as such they all have likely the same origin. The band at 2680 cm À1 practically vanishes at high exposures and inversely correlates with the one at B2565 cm
. The latter falls in the range of hydrogen bonded species, and, therefore, may originate from further water interaction with OD on defect sites associated with the 2680 cm À1 band.
To shed more light on the origin of spectral evolution we studied H 2 O adsorption onto the D 2 O pre-covered surface and vice versa. bands, which normally appear only at higher exposures, appear 
View Article Online
immediately, since the species associated with the 3690 and 3634 cm À1 bands were already formed from pre-exposed D 2 O as OD equivalent. It is interesting, however, that the n(OD) bands shift (to 2717 and 2687 cm À1 , respectively) in the same manner as observed for the case of pure D 2 O adsorption at increasing coverage (see Fig. 4b ). Since the formation of new OD species upon H 2 O exposure is impossible, the observed shifts must be due to coverage-induced effects. A similar picture evolves upon D 2 O adsorption onto the surface pre-covered with H 2 O (Fig. 6) . Again, the first pulse of D 2 O causes the n(OH) bands shift, i.e. from 3690 to 3682 cm
À1
, and from 3634 to 3641 cm
. Accordingly, the 2722 and 2681 cm À1 bands in the n(OD) region are suppressed since the respective hydoxyl species are partially formed from pre-adsorbed H 2 O. Therefore, the results of H 2 O and D 2 O co-adsorption experiments suggest that the spectral evolution in this low coverage regime is caused by progressive formation of hydroxyl species leading to coverage-induced frequency shifts. In principle, the shift may originate from interaction of neighboring oscillators or from the changes in electronic properties of the iron oxide surface as the coverage increases. Now we address adsorption at higher coverages caused by adsorption at lower temperatures. Fig. 7a shows IRA spectra obtained at 200 K. The first pulse results in the 2722 cm À1 band, as in the case for adsorption at 250 and 300 K. However, in the low frequency region a new band at 2669 cm À1 appears, which was not previously observed. The band disappears after a few more pulses while the 2682 cm À1 band increases in intensity, indicating that surface diffusion affects its formation. In principle, this finding is consistent with its tentative assignment of water reacting with defects. At higher dosage the spectra follow the same evolution as for adsorption at 250 K (see Fig. 4b ). The changes observed at further increasing coverage are highlighted in the second group of spectra (5-9) in Fig. 7b . The bands with an envelope peaked at 2720 cm À1 attenuate while the bands at 2712 and 2707 cm À1 grow up, resulting in an isosbestic point (marked with a circle). The picture is less obvious in the low frequency region. Apparently, the 2688 cm À1 band shifts to 2693 cm À1 and loses intensity. Finally, broad bands centered at 2600 and 2475 cm À1 develop at highest exposures (see Fig. 7a ), which are characteristic for systems with an extended network of hydrogen bonds. Finally, water adsorption was examined at lower temperatures (120-180 K). As the spectral evolution at low coverages follows those studied at 200-300 K, Fig. 7c only displays the spectra obtained at high coverages, ultimately resulting in the ASW film. The latter shows an isolated band at 2726 cm À1 and a broad band centered at B2580 cm À1 which are assigned to stretching vibrations of dangling OH species at the surface and H-bonded OH species in water clusters, respectively. In this high coverage regime, the band at B2712 cm À1 starts to attenuate before the band at 2693 cm À1 does, both disappearing as the ASW film formation sets in.
To elucidate the adsorption mechanism, we employed isotopic labeling of oxygen in oxide and water with 18 O. Our previously reported measurements at 250 K showed that the band at 2720 cm À1 (see Fig. 4 O-labelled film is now well-separated from the high-frequency region (compare to Fig. 7a) , it becomes clear that the band slightly blue-shifts and considerably attenuates at increasing coverages at which isosbestic behavior for the high-frequency region is observed (Fig. 7b) . This implies that O s D species are involved in further water coordination via H-bonding which usually causes a strong red-shift (about 250 cm
) and band broadening. Interestingly, the weak band at 2565 cm À1 does not shift upon 18 O labeling, indicating that this vibrational band solely involves O w D species which experience hydrogen bonding, based on a strongly red-shifted frequency as compared to a terminal OD. Overall, the results of isotopic experiments showed that only the IRA bands in the 2690-2670 cm À1 region include oxygen in the film, and as such their spectral changes are associated with coverage-dependent evolution of O s D hydroxyls that result from water dissociation. 
Density functional theory (DFT) results
To rationalize the coverage-dependent IR spectra, we performed DFT calculations of harmonic wavenumbers for the water species in relevant energy minimum structures. For a direct comparison with observed fundamentals, we report scaled wavenumbers that effectively account for both systematic errors in the harmonic force constants and neglected anharmonicities. We use the scaling factor 0.9935 obtained from the ratio of observed and calculated wavenumbers for the symmetric and antisymmetric OH (OD) stretches of the gas phase water molecule as described in ref. 16 and 26. Starting with a single water molecule per (2 Â 2) unit cell, the computational results show that dissociative adsorption is thermodynamically most favorable. The energy minimum structure 1 shown in Fig. 9 involves two hydoxyl species O w D as well as O s D on the surface, which are schematically shown in Fig. 10 . As outlined in ref. 13 in experiments at low coverage (see Fig. 4 ). This assignment assumes that the first appearing band at 2681 cm À1 relates to adsorption on defects. For two water molecules per (2 Â 2) cell, one must consider the formation of a second dissociated ''monomer'' (structure 2) as well as a half-dissociated ''dimer'' complex (structure 2 cl , see for the structures 2 and 2 cl , respectively) suggest that both structures are equally stable. The values given in parenthesis include the Grimme D2 dispersion correction (see Table S3 in the ESI †). The computed wavenumbers for O w D and O s D stretching vibrations of structure 2 (2729 and 2697 cm À1 ) suggest a small red-shift for the O w D band when compared to a single monomer in the cell (structure 1), i.e., in agreement with the experimental finding at low coverage (Fig. 4) . As far as the dimer structure 2 cl is concerned, the computed wavenumbers for the stretching modes, 2735 cm À1 for O w D coordinated to Fe, and 2732 cm À1 for terminal OD in the non-dissociated water molecule, are close and the corresponding bands may overlap. Therefore, the spontaneous formation of a dimer from the onset will manifest itself in a single, presumably broad band at a frequency close to that of ''monomeric'' Fe-O w D. However, the dimer lacks an O s D-related band in this region, since all hydrogen-bonded OD species in this structure experience a strong red-shift of about 300-350 cm À1 . Fig. 11 shows energy minimum structures for two, three, and four water molecules per (2 Â 2) surface unit cell that correspond to the respective coverages of 0.5, 0.75 and 1 ML. Comparison of the adsorption energies per water molecule (displayed below each structure) suggests that the formation of dimers may have a stabilizing effect on a water ad-layer. For example, two dimers in the cell (4 cl ) are more stable than four monomers (4). Scaled harmonic wavenumbers obtained for these structures (see Table S1 in the ESI †) shows that high-frequency bands associated with Fe-O w D species in monomeric structures 2, 3, and 4 exhibit an envelope centered at a wavenumber close to the one observed for a single monomer (1) . A similar effect is observed for the O s D region. These results agree with experimental spectra ( Fig. 4) showing that both bands gain intensity at increasing dosage and only slightly shift, most likely due to crowding effects (see Fig. 5 and 6). ), i.e. not observed in experiment. This suggests that water first dissociates creating monomeric species, although adventitious dimer formation cannot be excluded at coverages approaching 1 ML. Fig. 12 displays water adlayer structures obtained at higher coverage of five to eight water molecules per (2 Â 2) cell, i.e. 1.25-2.0 ML. At these high coverages, all structures feature at least one dimer. In addition, we considered structures with dimers forming a hydrogen bonded network, henceforth labelled with the superscript n. Fig. 13 compares the calculated wavenumbers for selected structures. For other structures not shown here, we refer to Fig. S4 and Table S1 in the ESI. † Among the possible candidates, the calculated wavenumbers of 5 cl (2) and 6 n agree best with the experimental results obtained at 200 K (Fig. 7a) up to saturation corresponding to approximately 1.5 ML. The calculations revealed the red-shift of about 16 cm
À1
for O w D stretching mode (blue sticks in Fig. 13 ) and the blueshift of about 5 cm À1 for the O s D stretching (green sticks) taking the averaged wavenumbers for structures 1-4 as reference. Certainly, the formation of water aggregates occurs at the expense of monomeric species, ultimately resulting in the isosbestic point observed in IRAS (Fig. 7b) . At further increasing coverage of 1.75 and 2 ML, all computed OD bands start to overlap and coalesce into one band, which (taking the systematic deviation into account) can be associated with a band at 2712 cm À1 (Fig. 7c) Table S3 in the ESI †). The calculated adsorption energies per water molecule revealed all structures shown in Fig. 12 to be thermodynamically stable, with network structures becoming more favorable at increasing coverage (see ref. 26 for a more detailed analysis).
Conclusions
A combined thermal desorption, microcalorimetry, and IR spectroscopy study was carried out for water adsorption on the well-defined Fe 3 O 4 (111) surfaces as a function of temperature and dosage. The results were corroborated by DFT (PBE+U) calculations using a Fe 3 O 4 (111)-(2 Â 2) slab model to address energy minimum structures and vibrational properties of adsorbed water species in a wide range of coverages (0.25-2 ML). Water adsorption on defects dominates at high temperatures, e.g. above B320 K. At increasing water coverage, dissociative adsorption takes place on the regular Fe tet1 -terminated surface thus resulting in a terminal Fe-O w D hydroxyl showing an IRA band at 2720 cm À1 and an O s D hydroxyl band at 2688 cm À1 .
Our DFT calculations are compatible with this observation. Specifically, the computed adsorption enthalpy of the monomer is À102 kJ mol À1 and the aforementioned OD bands are 2736 and 2699 cm À1 , respectively. At increasing coverages up to 1 ML, both bands slightly shift as suggested by D 2 O and H 2 O co-adsorption experiments. At further increasing coverage, water molecules start to form dimer complexes with preexisting hydroxyls which is reflected via an isosbestic point in the IRA spectra. At high coverages, dimers and oligomers ultimately assemble into an ordered (2 Â 2) hydrogen-bonded network structure prior to the formation of a multilayer solid water film. Again, our DFT results are compatible with the observed shifts at higher coverage and adsorption energies predict thermodynamically favorable H-bonded 2D network structures. These results highlight a delicate balance that exists in water adlayers on oxide surfaces where hydrogen bonding may play an important role in stabilizing particular structures.
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